The determination of small amounts of D-amino acids in mammalian tissues is still a challenging theme in the separation sciences. In this review, various gas-chromatographic and high-performance liquid chromatographic methods are discussed including highly selective and sensitive column-switching procedures. 
INTRODUCTION
Amino acids are one of the most important molecules in living organisms, and most of them have a chiral carbon at the a-position. In the higher animals, a large part of the naturally occurring amino acids is the L-form, and the stereoisomers (D-amino acids) had been believed to be rare. 1) However, especially in the last decade, several D-amino acids were found in mammals including humans, and their distributions, functions and origins have gradually been clarified. [2] [3] [4] [5] In the frontal areas of the mammalian brain, a relatively large amount of D-serine (D-Ser) was found, and this D-amino acid is thought to be an endogenous agonist to the glycine site of the N-methyl-D-aspartate (NMDA) receptor. [6] [7] [8] [9] D-Aspartic acid (D-Asp) was localized to the endocrine tissues and is considered to have regulatory effects on various hormones. [10] [11] [12] [13] [14] [15] The D-alanine (D-Ala) amounts have also been reported to change in the case of diseases. [16] [17] [18] [19] Though the D-amino acids are being noticed as the candidates of physiologically active substances, the determination of most Damino acids is difficult because their amounts in mammalian tissues are extremely low and various interfering substances are present in the tissues. In addition, their functions, origins and regulation mechanisms still remain unknown for the most part. In this short review, we describe the current progress on the methods to determine D-amino acid in mammalian tissues including our recent reports. [20] [21] [22] [23] [24] Using the methods, we determined D-leucine (D-Leu) 23, 24) and D-proline (D-Pro) 23) in various regions of the mouse brain, and the detailed tissue distributions of these D-amino acids in the mammalian brain have been demonstrated for the first time, in addition to the distribution of D-Asp, D-Ser and D-Ala. 21, 22) Concerning the regulatory mechanisms of D-amino acids, we focused on the D-amino-acid oxidase (DAO, EC. 1.4.3.3), which catalyzes the oxidative deamination of D-amino acids to form the corresponding a-keto acids. 25) This enzyme is widely observed in creatures, and most of the vertebrates have DAO in the kidney, liver and brain. 26, 27) Since the oxidation by DAO is one of the major regulatory pathways of Damino acids, it is important to investigate the effects of DAO activity on the amounts of naturally occurring D-amino acids in mammals. In this review, we present the tissue distributions of D-Asp, D-Ser, D-Ala, D-Leu and D-Pro in the brains of the mutant ddY/DAO Ϫ mice lacking DAO activity, and control ddY/DAO ϩ mice having normal DAO activity.
A MUTANT MOUSE STRAIN LACKING DAO AC-TIVITY
To study the physiological role of DAO, Konno tried to find mutant animals having disorders in this enzyme. While examining the DAO activity in various animals, 28, 29) Konno et al. noticed that some mice in the population of a non-inbred ddY strain did not have DAO activity.
30) It was surprising because DAO had been known to be ubiquitously present in higher animals. A sophisticated method to screen for mutant animals, which did not have DAO activity, was devised and the mutant mice were isolated. 31) After continuous brother-sister mating, a mutant ddY/DAO Ϫ strain lacking DAO activity together with a control ddY/DAO ϩ strain possessing the normal level of DAO activity have been established. Western blotting indicated that the ddY/DAO Ϫ mice had the DAO molecules in the cells of the proximal tubules of the kidneys as did the ddY/DAO ϩ mice. 32) However, cloning and sequencing indicated the presence of a missense mutation (Gly181Arg) in the middle of the cDNA encoding DAO in the ddY/DAO Ϫ mice. 33) This mutation caused a complete loss of DAO activity both in the kidney and in the brain. Since the ddY/DAO Ϫ mice accumulate a large amount of D-amino acids, these animals are useful for the development and evaluation of the analytical methods of D-amino acids.
ANALYTICAL METHODS FOR THE DETERMINA-TION OF D-AMINO ACIDS IN MAMMALS
For the determination of D-amino acids in mammalian tissues, various methods including gas chromatography (GC), high-performance liquid chromatography (HPLC) and enzymatic methods were reported. 2, 5) The GC method with a chiral column, such as Chirasil-L-Val, is widely used. 6, [34] [35] [36] Using this method, Hashimoto et al. demonstrated for the first time that a large amount of D-Ser is present in the mammalian brain.
6) The HPLC methods using various chiral derivatizing reagents (including 1-fluoro-2,4-dinitrophenyl-5-Lalanine amide (FDAA, Marfey's reagent), [37] [38] [39] (ϩ)-1-(9-fluorenyl)ethyl chloroformate (FLEC), 40, 41) o-phthalaldehyde (OPA) in combination with chiral thiols 22, [40] [41] [42] [43] [44] [45] [46] ) are also widely used because of its convenience and high resolution. The HPLC methods using chiral stationary phases (Pirkletype columns, [47] [48] [49] cyclodextrin bonded columns 50, 51) ) are also useful. In the present article, a reversed-phase HPLC method using precolumn chiral derivatization with OPA and N-tert-butyloxycarbonyl-L-cysteine (Boc-L-Cys) is described as a simultaneous determination method for D-Asp, D-Ser and D-Ala in mammalian tissues. 22) For the sensitive and selective determination of small amounts of D-amino acids in mammalian tissues, a column-switching HPLC method is also described. [1] [2] [3] and recently, it was reported that D-Ala has the relationship with various diseases in mammals. [16] [17] [18] [19] Therefore, for the investigation of 44) and Boc-L-Cys 22, 45, 46) have been reported. Our method 22) using Boc-L-Cys is an improvement of the method reported by Hashimoto et al. 46) The analytical conditions were examined using the cerebellum of a normal ddY/DAO ϩ mouse, the tissue having a high DAO activity, from which the amounts of the naturally occurring D-amino acids are small. As a result, it was found that D-Asp, D-Ser and D-Ala could be well separated from interfering substances present in the tissue, when a gradient elution of acetonitrile in Na-acetate buffer (pH 6.0) was used. Figure 1 shows the chromatograms obtained using the cerebellum of a ddY/DAO ϩ mouse (Fig.  1A) and a ddY/DAO Ϫ mouse (Fig. 1B) . In the ddY/DAO ϩ mouse, the amounts of the D-amino acids were small, while in the ddY/DAO Ϫ mouse, significant amounts of D-Ser and DAla were observed. The calibration lines of D-Asp, D-Ser and D-Ala spiked to the cerebellum sample were linear from 500 fmol to 500 pmol (r>0.999). The RSD values of the within-day and day-to-day precisions were about 5% for all three D-amino acids, indicating that our method is suitable for the simultaneous determination of D-Asp, D-Ser and DAla in mammalian tissues.
Establishment of a Column-Switching HPLC Method for the Determination of D-Leu and D-Pro in Mammalian Tissues
For the sensitive determination of small amounts (about 1% or less of the L-form) of D-amino acids in mammalian tissues, the column-switching technique is a powerful tool, and various reports on this technique have already been published. 21, 23, 24, 52) We have developed a new method which combines a micro-ODS column and a Pirkle-type chiral column. 23, 24) The amino acids are precolumn derivatized with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), 53, 54) for the sensitive fluorescence determination. Using this columnswitching method, each amino acid is separated as the D and L mixture on the micro-ODS column, and the fraction is automatically introduced to the chiral column in which the enantiomers are separated. By using a micro-ODS column for the preparation of an amino acid fraction, the volume of the fraction decreases and almost the entire fraction can be easily collected and used for the enantiomer separation. Thus, our method allows the highly selective determination of a small amount of D-amino acid without any loss in sensitivity. Figure 2 shows the chromatograms analyzing D-Leu in the cerebrum of a ddY/DAO ϩ mouse ( Fig. 2A ) and a ddY/DAO Ϫ mouse (Fig. 2B ). In the cerebrum of the ddY/DAO ϩ mouse, a small but significant amount of D-Leu was observed (0.6% of the amount of L-Leu). On the other hand, a relatively large amount of D-Leu was observed in the ddY/DAO Ϫ mouse (6.2% of the L-Leu). This method enables the determination of 1-1000 fmol (injection amount to the HPLC, rϾ0.999) of D-Leu in mammalian tissues, with good precision (RSD values of within-day precision is 5.11% and day-to-day precision is 5.25%). In addition, almost all Damino acids could be determined using this column-switching procedure with slight modification of separation conditions, showing the wide applicability of the present method in the field for the D-amino acid research.
DISTRIBUTION OF D-AMINO ACIDS IN THE BRAINS OF MUTANT MICE LACKING DAO ACTIVITY
As the regulation mechanisms of the D-amino acid amounts in mammals, the biosynthesis of the D-amino acids from the L-enantiomers, 10, 55, 56) the transporters that take up specific D-amino acids into cells, 57, 58) and the oxidative degradation of D-amino acids [25] [26] [27] are well known. DAO, ubiquitously present in mammals, catalyzes the oxidation of neutral D-amino acids to form a-keto acids, and the amounts of neutral D-amino acids naturally occurring in these animals should be diminished by the DAO reaction. Therefore, the determination of the amount and distribution of D-amino acids in the presence and absence of DAO activity is important. In the present article, we summarize our work indicating the quantities and distributions of D-Asp, D-Ser, D-Ala, D-Leu and D-Pro in the brains of the ddY/DAO ϩ mice and ddY/DAO Ϫ mice.
D-Aspartic Acid D-Aspartic acid is observed in various endocrine tissues. [10] [11] [12] [13] [14] [15] In the rat brain, an extremely large amount of D-Asp was observed in the pineal gland (1000-4000 nmol/g wet tissue); the values are almost equal to or higher than that of L-Asp. 59, 60) In the brains of the ddY/DAO ϩ and ddY/DAO Ϫ mice, D-Asp is present in all the brain areas tested and relatively large amounts were observed in the pineal gland (Fig. 3) . Since the tissue weight of the mouse pineal gland is less than 1 mg and the weight could not be accurately measured, the amounts of D-Asp are expressed as pmol/whole tissue (the values become higher when they are expressed as nmol/g). As shown in 6) After this discovery, many investigations have examined various animals with various methods, 22, 46, 60, 63, 64) and now, it is a solid fact that D-Ser occurs in the frontal brain areas widely in mammals. This D-Ser is believed to function as an endogenous agonist to the NMDA receptor. Figure 4 shows the amounts of D-Ser in 7 brain areas of the ddY/DAO ϩ and ddY/DAO Ϫ mice. In both strains, large amounts of D-Ser were observed in the cerebrum and hippocampus followed by the hypothalamus, while in the pituitary gland and pineal gland, the amounts of D-Ser were small. In the cerebellum and medulla oblongata, a clear difference was observed between the two strains; large amounts of D-Ser were observed only in the ddY/DAO Ϫ mice. The amounts of D-Ser in the cerebrum and cerebellum in both strains have already been reported by Hashimoto et al. 61) and Nagata et al., 65) and their results agree with the results obtained in our research. Because D-Ser is one of the good substrates of DAO, 66) and high DAO activities are present in the cerebellum and medulla oblongata of the ddY/DAO ϩ mice (Hamase et al., unpublished data), the amounts of D-Ser in these tissues are, therefore, diminished by DAO. On the other hand, since ddY/DAO Ϫ mice have no DAO activity, the amounts of D-Ser in this strain should remain intact in the tissues. Therefore, our results that large amounts of D-Ser were observed in 5 brain areas (cere- brum, hippocampus, hypothalamus, cerebellum and medulla oblongata) of the ddY/DAO Ϫ mice suggest that the accumulation of D-Ser occurs in widespread areas of the mouse brain except in the pituitary and pineal glands.
D-Alanine In the rat brain, we have recently reported that a relatively large amount of D-Ala is present in the anterior pituitary gland, and have suggested that this D-amino acid has a relationship with some hormones in the tissue. 21) Since DAla is also a good substrate of DAO, 66) it is important to determine the effect of DAO activity on the D-Ala amounts in various tissues. Figure 5 shows the amounts of D-Ala in 7 brain areas of the ddY/DAO ϩ and ddY/DAO Ϫ mice. The distribution of D-Ala in the ddY/DAO ϩ mice was clearly different from that of D-Ser, and relatively large amounts of D-Ala were observed in the pituitary and pineal glands. Since D-Ala is also a good substrate of DAO as well as D-Ser, 66) it was surprising that similar amounts of D-Ala were present in the frontal brain areas and hindbrain (the amount of D-Ser is about 40-times higher in the cerebrum than in the cerebellum as described above). In the brains of ddY/DAO Ϫ mice, the amounts of D-Ala are higher than those in the brains of ddY/DAO ϩ mice in all the tested brain areas, and our results are quite similar to those reported by Hashimoto et al. 61) and Nagata et al. 65) using the cerebrum and cerebellum. Because no DAO activity is detected in the frontal brain areas (for example, the cerebrum and hippocampus) of both strains, the difference between the D-Ala amounts in the two strains was not caused by the DAO activities in the corresponding brain areas. Konno et al. reported that a large part of D-Ala in the urine of ddY/DAO Ϫ mice was derived from the cell wall of intestinal bacteria, 67) and Nagata et al. demonstrated that the amounts of D-Ala in the brains of ddY/DAO Ϫ mice significantly increased after the oral administration of D-Ala. 65) These reports indicate that the amount of D-Ala in the mammalian brain was affected by the D-Ala amount of exogenous origin. In our research, 22) the serum levels of D-Ala were 8.8Ϯ1.4 nmol/ml in the ddY/DAO ϩ mice, and 134.6Ϯ 16.5 nmol/ml in the ddY/DAO Ϫ mice. This difference in the a different distribution pattern. The effects of DAO activity on their amounts were also investigated using the mutant ddY/DAO Ϫ mice and control ddY/DAO ϩ mice, and it was found that the amounts of the neutral D-amino acids are regulated by the DAO in the animals, however, each D-amino acid is regulated in a different way. Further studies to show the presence, functions, origins and regulation mechanisms of the D-amino acids in mammals are expected as the future works. 
